A lthough the idea of protecting cells against HIV-1 infection by the internal production of a protective molecule (''intracellular immunization'') was suggested 14 years ago (1), it has not been realized as a clinical procedure, partly because no macromolecule has proved potent enough and because of limitations in gene delivery vehicles. Recently, it has been appreciated that small, double-stranded RNAs (siRNA) can be powerful sequence-specific catalysts for targeted RNA destruction by means of an evolutionarily conserved mechanism known as RNA interference (RNAi) (2) (3) (4) (5) . The properties of siRNA suggest its potential as an ''intracellular immunogen.'' With the discovery that siRNAs can be effectively produced as hairpin transcripts from RNA polymerase III (Pol III) promoters (6) (7) (8) (9) (10) (11) , intracellular synthesis of siRNAs has become feasible. The best vector for delivering an siRNA template would be a lentivirus vector derived from HIV-1, because such vectors stably infect nondividing cells and are not subject to the silencing imposed on other retrovirus vectors (a ''turning the tables'' approach; refs. 12 and 13). Furthermore, lentiviral vectors have proven to be effective in expressing transgenes within multiple lineages over prolonged periods of time and safe in SCID-hu and non-human primate hematopoietic stem cell transplants (14, 15) . HIV-1 infection could be prevented by either an siRNA directed against viral RNA, as has been done in several in vitro models (16) (17) (18) (19) (20) , or by targeting the mRNA for the primary HIV-1 coreceptor, CCR5. CCR5 suggests itself as a target because people who lack both genes for CCR5 (CCR5⌬32 homozygotes) are resistant to HIV-1 infection but are otherwise apparently normal (21) (22) (23) (24) . We report here the successful use of this approach.
Materials and Methods
Vector Construction. A human U6-RNA pol III promoter (Ϫ328 to ϩ1) was amplified from HEK-293 genomic DNA with primers 5Ј-gggaattcccccagtggaaagacgcgcag-3Ј and 5Ј-cggaagcttgaagaccacggtgtttcgtcctttccacaa-3Ј, in which a BbsI site was introduced at the 3Ј end allowing the insertion of siRNA sequences at the ϩ1 position of the U6 transcript. The PCR fragment was cloned at EcoRIHindIII sites of pBS-SKII plasmid (Stratagene). Sequencing analysis showed all of the individual clones recovered had a GCGCG insertion at the Ϫ267 position comparing to the published human U6-RNA promoter sequence (GenBank accession nos. X07425 and M14486). This difference might originate either from a PCR error or a natural polymorphism. Nevertheless, transient transfection assays showed that this promoter fragment was fully functional (X.-F.Q. and D.B., unpublished data). To construct the hairpin siRNA expression cassette, two complementary DNA oligos (see below) were synthesized, annealed, and inserted between BbsI and XhoI sites immediately downstream of the U6 promoter: 5Ј-accg(n)18ttcaagaga(n)18ctttttc-3Ј; 3Ј-(n)18aagttctct(n)18gaaaaagagct-5Ј. The 19-nt sense and reverse complementary targeting sequences are highlighted in bold. Note that the sense targeting sequence always starts with G at position 1 (thus, the reverse complementary sequence ends with C), as required for the efficient transcription initiation from the U6 promoter (25) . The siRNA cassette also features a TTCAAGAGA loop situated between the sense and reverse complementary targeting sequences and a TTTTT terminator at the 3Ј end. The CCR5-siRNA (186) contains the sense targeting sequence of gagcatgactgacatctac corresponding to the 186-204 nucleotide positions of human CCR5 coding sequence (GenBank accession no. U57840), whereas the CCR5-siRNA (809) has the targeting sequence of gtagctctaacaggttgga to the 809-827 nucleotide positions. The targeting sequence for lacZ-siRNA is gtgaccagcgaatacctgt, which is directed to the 1915-1933 region of the bacterial galactosidase gene.
FG12 lentiviral vector was derived from FUGW (26) . The extra nucleotides from the HindIII site downstream of the Ubiquitin-C promoter (UbiC) promoter to the NcoI site in front of the initiation codon of GFP were deleted by a HindIII-NcoI adapter ligation. Further, XbaI, EcoRI, and XhoI sites at the 3Ј end of GFP and WRE were eliminated, followed by a polylinker oligonucleotide ligation at the PacI site between the Flap element and the UbiC promoter, to generate a set of new restriction sites, XbaI-HpaI-XhoI-BstXI-PacI, that is optimal for accommodating the siRNA expression cassette (X.-F.Q. and D.B., unpublished data). To construct the siRNA-expressing lentiviral vectors, the siRNA expression cassette was subcloned into FG12 between the XbaI and XhoI sites. The resulting plasmid was confirmed by restriction enzyme digestion and DNA sequencing.
Lentiviral Vector Production. All vesicular stomatitis virus (VSV)-G pseudotyped lentiviral vector stocks were produced by calcium phosphate-mediated transient transfection of HEK-293 T cells. Briefly, HEK-293 T cells were cultured in either Iscov's modified Eagle's medium or DMEM (GIBCO Invitrogen) containing 10% FCS (HyClone), 100 units of penicillin, and 100 g͞ml streptomycin. The cells were cotransfected with appropriate amounts of vector plasmid, the HIV-1 lentiviral packaging constructs pRSVREV (27) and pMDLg͞pRRE (27) , and the VSV-G expression plasmid pHCMVG (28) . The viruses were collected from the culture supernatants on days 2 and 3 posttransfection and concentrated 100-to 1,000-fold by ultracentrifugation (28) . The concentrated virus stocks were titered on HEK-293 T cells based on GFP expression. Titers for the siRNA expression constructs were only slightly reduced compared with the parental vector. Human peripheral blood lymphocytes (PBLs) were isolated from leukopacks by Histopaque (Sigma) and cultured in RPMI medium 1640͞20% FCS with 2.5 g of phytohemagglutinin (PHA) (Murex Biotech, Dartford, U.K.)͞100 units of penicillin͞ 100 g/ml streptomycin for 2 days. After 2 days of PHA stimulation, CD8ϩ cells were depleted by M450 CD8 Dynabeads (Dynal, Great Neck, NY) and the residual amount of CD8ϩ cells was Ͻ1%, as confirmed by FACS analysis. The CD8ϩ-depleted PBLs were used for lentiviral vector transduction. Briefly, 4 ϫ 10 5 cells were incubated with various lentiviral vectors at a moi of 5 for 2 h in the presence of 8 g͞ml polybrene. After the incubation, virus supernatants were removed and replaced with 1.5 ml of fresh RPMI medium 1640͞20% FCS containing 20 units͞ml IL-2 (Roche Molecular Biochemicals). GFP, CD4, CCR5, and CXCR4 expression was analyzed by FACS at multiple time points after transduction. Note that, although a moi of 5 was used for transduction with different lentivectors, actual transduction efficiency appeared to vary from sample to sample, depending on the initial titers of the virus preparations. 
Results
The backbone of the siRNA expression vector was derived from FUGW, an HIV-1-based lentivirus vector originally designed for germ-line gene transduction (26) . The short hairpin form of siRNA template was transcribed from a human U6-RNA polymerase III (Pol III) promoter, and the expression cassette was inserted in the forward orientation at the junction of the HIV-1 DNA Flap element (Flap) and UbiC of the vector FG12 (Fig. Note that some lower GFPexpressing cells were included in the GFPϪ gate and, thus, there appeared to be a slight decrease of CCR5 staining in this population of the anti-CCR5 vector-transduced samples. CCR5-siRNA(186), the vector expressing a potent anti-CCR5 siRNA; CCR5-siRNA(809), the vector expressing a weaker anti-CCR5 siRNA; lacZ-siRNA, a nonspecific siRNA vector; FG12, empty vector; Mock, mock transduction control.
1A). This configuration permits high-titer virus production and the functional expression of siRNA templates in murine splenocytes, bone marrow cells, and transgenic animals (X.-F.Q., C. Lois, and D.B., unpublished data). The vector also expresses a human UbiC-driven GFP gene to provide a marker for tracking transduced cells (Fig. 1 A) . To identify an effective siRNA targeted to CCR5, we first used Magi-CCR5 cells (29) carrying a transfected human CCR5 gene as a target. Mock-transduced Magi-CCR5 cells expressed no GFP but had a high level of CCR5 expression on the cell surface (Fig. 1B) . Cells transduced by a vector lacking the siRNA cassette (FG12) or a control siRNA cassette against lacZ (lacZ-siRNA) contained many GFPϩ cells (positively transduced cells), but CCR5 expression was unaltered in these cells (Fig. 1B) . However, with an anti-CCR5-specific siRNA-expressing vector targeting to the 809-827 region of the human CCR5 mRNA coding sequence [CCR5-siRNA (809)], the surface expression of CCR5 on the GFPϩ cells was dropped to 30-40% the level of the controls, judging by the mean fluorescence intensity of CCR5 antibody staining (Fig. 1B) . More significantly, the anti-CCR5 siRNA construct directed to the 186-204 region [CCR5-siRNA (186)] resulted in Ͼ90% reduction of CCR5 expression (Fig. 1B) . In addition to CCR5-siRNA (809) and CCR5-siRNA (186), we also tested several other constructs targeting to different regions of CCR5 mRNA; these exhibited variable degrees of effectiveness but none Ͼ90% inhibition (not shown). A systematic approach might in the future identify even more potent siRNA templates, but the 90% inhibition provided by the CCR5-siRNA (186) vector appeared to be sufficient for our further studies described below.
To test the efficacy of the vector against HIV-1 infection in primary human CD4 ϩ T cells, PBLs depleted of CD8ϩ cells were isolated, stimulated with phytohemagglutinin (PHA) for 2 days, and transduced or mock transduced with various vectors. After the transduction, the cells were cultured in the presence of human IL-2. IL-2 elicits the synthesis and surface expression of CCR5 as well as the other major HIV-1 coreceptor CXCR4 on activated T cells (32, 33) . We monitored CCR5 and CXCR4 expression levels at various time points by FACS. Fig. 2 shows FACS plots from a representative experiment (Donor B) at day 8 post-vector transduction. Quantitative analyses of the FACS results from two donors (A and B) are shown in Table 1 , and more extensive time course studies with four different donors (A, B, C, and D) will be presented in Table 3 . The mocktransduced cells in Fig. 2 A showed that Ϸ30% of the cells were CCR5ϩ. The cells transduced with the vector control (FG12) had Ϸ60% GFPϩ, and among those positively transduced cells, there were still Ϸ29% cells expressing CCR5 (Table 1 , Donor B). lacZ-siRNA-transduced cells had a similar percentage of CCR5 positivity (Table 1) , but there were fewer GFP positive cells, presumably because of a lower titer of the viral stock. Over 40% of PBLs were productively transduced by the CCR5-siRNA (186) vector, and within this GFPϩ population only 3.4% of the cells scored positive for CCR5 expression, suggesting that siRNA expression caused an Ϸ10-fold reduction in CCR5 positivity compared with a lacZ-siRNA control (Table 1) . Of the remaining CCR5-siRNA (186)-transduced cells that still expressed CCR5, the mean fluorescence intensity as a measure of relative abundance of CCR5 surface expression was substantially reduced. For the GFPϪ population, levels of CCR5 expression were slightly higher than in controls ( Table 1) , showing that down-regulation of CCR5 expression only occurred in the productively transduced cells. In contrast to CCR5, Fig. 2B and N͞A, not applicable. *Lentiviral vector transduction was performed as described in Fig. 2 . Eight days after the transduction, the cells were analyzed by FACS for the surface expression of CCR5 or CXCR4 (Materials and Methods). the data in Table 1 show that CXCR4 expression was not affected by the anti-CCR5 siRNA-expressing vector. Thus, lentivector-mediated expression of an appropriate siRNA in primary human T cells can specifically reduce the expression of CCR5.
To examine the effect of blocking CCR5 expression by the anti-CCR5 siRNA lentivector on HIV-1 infection, the lymphocyte populations were challenged with a CCR5-tropic HIV-1 reporter virus. This reporter virus is modified to express the HSA marker in place of the HIV-1 accessory gene Vpr, which allows the assay for HIV-1 infection at the single-cell level by enumerating HSAϩ cells (30) . Table 2 shows the quantitative results of FACS analysis with two different donor samples and Fig. 3 shows representative FACS plots from Donor B. With the empty vector (FG12) and the lacZ-siRNA vector (lacZ-siRNA), 8% and 11% of the GFPϩ cells were infected by the virus, as measured by the expression of the HSA marker (see Table 2 (Table 3) showed that effective CCR5 down-regulation and inhibition to CCR5-tropic HIV-1 infection occurred with all of the donors over a period of 7-8 days, although the degree of effectiveness varied from donor to donor (within the range of 3-to 7-fold of protection). In addition to the GFPϩ-transduced cells, we found that the frequency of the HIV-1-infected HSAϩ cells in the GFPϪ population was also decreased 2-to 3-fold in comparison with the mock, empty vector (FG12), and lacZ-siRNA controls ( Fig. 3A ; Table 2 , Donors A and B). Consistent with this observation, supernatant p24 levels, a measurement of virus production, were reduced Ϸ3-fold (Fig. 4) , despite the fact that cells without siRNA to CCR5 outnumber the siRNA-transduced population. Thus, the anti-CCR5 siRNA was not only effective at protecting the transduced cells in a mixed population, but also resulted in an overall reduction of virus load and decreased infection of Inhibition of CCR5-tropic HIV-1 infection by lentiviral vector-mediated delivery of anti-CCR5 N͞A, not applicable. *The lentivector-transduced PBLs were challenged with the CCR5-or CXCR4-tropic reporter HIV-1 viruses as described in Fig. 3 . Four days after virus challenge, the cells were analyzed by FACS for HSA expression to determine the number of cells infected by the HIV-1 virus (Materials and Methods). † Calculated from the quadrant percentage numbers from the HSA vs. GFP FACS plots shown in Fig. 3 . ‡ Expressed as the ratio of the percentage of HSAϩ cells in the GFPϩ population between lacZ-siRNA and CCR5-siRNA [CCR5-siRNA(186)]-transduced samples. CD8ϩ-depleted PBLs from four different donors were transduced with various lentiviral vectors, as described in Fig. 2 . Four days after the transduction, the cells were challenged with the CCR5-tropic HIV-1 reporter virus (as in Fig. 3) . The virus-infected cells were analyzed by FACS for CCR5 and HSA expression at the different time points indicated. The reduction of CCR5 expression and inhibition of CCR5-tropic HIV-1 infection were determined in the same manner as in Tables 1 and 2 . Equivalent degrees of CCR5 downregulation were obtained with the similarly transduced cells but not being challenged with the HIV-1 virus.
nontransduced cells over the course of HIV-1 infection. As a control, the lymphocyte populations were also infected with a CXCR4-tropic HIV-1 reporter virus similarly modified to express HSA (31). Infection of the CXCR4-tropic virus was not significantly inhibited by the transduction of an anti-CCR5 siRNA vector (Fig. 3B, Table 2 ), confirming the specificity of the siRNA-mediated inhibition. Taken together, we conclude that a lentivirus vector expressing a potent siRNA against CCR5 can substantially reduce CCR5 expression on the cell surface in a specific manner and render the transduced cells relatively resistant to CCR5-tropic HIV-1 infection.
Discussion
These results demonstrate that an siRNA directed to a cellular gene that is required for HIV-1 infection, namely CCR5, can inhibit HIV-1 replication. With HIV-1 replication as a model system, our studies also demonstrate the power and general utility of using lentiviral vectors for the stable expression of siRNAs in primary human cells to inhibit the expression of cellular genes.
The human chemokine receptor gene, CCR5, was chosen as a target for these studies for several reasons. First, CCR5 is a necessary coreceptor for infection by most strains of HIV-1 (34, 35) . After binding of the HIV-1 envelope protein gp120 to CD4, interaction with gp120 and CCR5 induces a conformational change that then leads to HIV-1 envelope gp41 fusion with the cell membrane (36) . This is an obligatory step for the infection process of CCR5-tropic strains of HIV-1; the absence of CCR5 prevents HIV-1 infection to cells. Not all strains of HIV-1 require CCR5. CXCR4, for example, is another major coreceptor (37) . However the majority of naturally occurring strains of HIV-1 use CCR5 as a coreceptor for primary infection (38) (39) (40) (41) . Second, CCR5 is apparently dispensable for normal human growth, differentiation, and immune functions (42) . Among the white population, the occurrence of a CCR5-null allele, known as CCR5⌬32, is Ϸ1% (21-24) . The CCR5⌬32 allele is a deletion resulting in a frameshift truncation of CCR5 that prevents the mutant protein from appearing on the cell surface (21, 33) . Individuals homozygous for the CCR5⌬32 do not show any apparent adverse phenotypic effects, although a recent report linked CCR5⌬32 homozygosity with higher viral loads in hepatitis C infection (43) . In heterozygous CCR5⌬32 individuals, cell surface CCR5 is reduced to 20-30% of wild-type levels (33, 44, 45) . Again, no adverse effects are observed in these individuals (42) . It will be important to confirm that acquired loss of CCR5 expression through siRNA inhibition also has no adverse phenotypic effects.
Cohort studies indicate that individuals that are homozygous for the CCR5 mutation are almost completely resistant to infection by CCR5-tropic strains of HIV-1 (38-41, 46, 47) . To date, there have been only eight reports of HIV-1 infection in CCR5⌬32 homozygous individuals (48) (49) (50) (51) . These individuals appeared to have been infected with a CXCR4-tropic strain of HIV-1 and did develop AIDS. Individuals that are heterozygous for CCR5⌬32 are infected at rates similar to CCR5ϩ͞CCR5ϩ individuals. However, their disease course is prolonged, presumably because of reduced spread of virus within the individuals over time (23) . Thus, the 3-to 7-fold inhibition produced by our anti-CCR5 siRNA vector could already have a marked clinical effect and, with an optimized system, a greater inhibition might even be obtained. However, it is possible that in a patient producing HIV-1, anti-CCR5 siRNA could select for viral variants that use CXCR4 and then cause progression to AIDS. Therefore, a CCR5 inhibitory therapy would be best used in combination with other antiviral approaches.
Because of the importance of CCR5 to HIV-1 infection and disease development, a number of approaches have been investigated to inhibit the utilization of CCR5 as a coreceptor by HIV-1. The chemokines, RANTES, MIP-1␣, and MIP1-␤, are physiological ligands for CCR5 and have been shown to inhibit HIV-1 infection both in vitro and in vivo (52) . However, these chemokines and their pharmacological derivatives have not been used clinically because they have a short half-life, are not orally bioavailable, and may have other effects (53, 54) . Other investigators have inhibited CCR5 in vitro by using ''intrakines,'' fusions of RANTES and MIP1-␣ to endoplasmic reticulum retention signals (55, 56) , and single-chain antibodies directed to CCR5 (30) .
We have shown here that it is possible to obtain at least partial inhibition of a viral infection by lentiviral vector-mediated expression of an siRNA targeting a cellular gene. Within the transduced population of T cells (GFPϩ fraction), we observed an up to 10-fold inhibition of CCR5 expression. As a consequence, HIV-1 infection within the transduced population was also substantially reduced, relative to mock-transduced cells, cells transduced with an irrelevant siRNA (lacZ-siRNA), or nontransduced cells in the same culture (GFPϪ fraction). However, there remained transduced cells that were infected by HIV-1 (HSAϩ). Residual infection of transduced cells may occur because of incomplete inhibition, variability of inhibition over time, or infection through a CCR5-independent mechanism (57). It is important to remember that in this culture system, the cells are bathed continuously in virus produced by the unprotected cells.
Although a 3-fold reduction of the total virus load in our in vitro model is rather modest, an effective clinical application of this technology would be through a hematopoietic stem cell transplant. In this manner, therapeutic siRNA-expressing stem cells would give rise to mature progeny T cells, macrophages, and͞or dendritic cells that would be relatively protected from infection by HIV-1. Furthermore, the rapid demise of HIV-1-infected T cells (58) should lead to rapid selection for the CCR5-negative cells that are relatively protected from the effects of HIV-1. We did not observe selection in cell culture, possibly because the HIV-1 viruses that we used are lacking the Vpr gene as a result of substitution by the HSA reporter gene. Vpr induces cell-cycle arrest, followed by apoptosis, which would lead to rapid selection against HIV-1-infected cells (59) . Selection of transduced cells expressing a therapeutic transgene has played an important role in the successful human clinical trials of gene therapy, the treatment of X-linked SCID-X1 and ADA-SCID genetic disorders (60, 61) .
In summary, our studies provide proof of principle for the idea that siRNA directed to a gene essential for viral replication can serve as a potential therapeutic agent for human infectious disease. The utilization of siRNA as a therapeutic reagent in the clinical setting is advantageous to previously reported ap- Fig. 4 . Decrease of p24 production in HIV-1-infected cultures of anti-CCR5 lentiviral vector-transduced human PBLs. Culture supernatants were collected 6 days after the HIV-1 virus challenge, as described in Fig. 3 , and p24 levels were measured by ELISA in triplicates. Again, the representative result from Donor B is shown.
proaches in that siRNA is a small nucleic acid reagent as opposed to relatively large chimeric or antibody proteins. A small nucleic acid reagent should be less likely to elicit an immune response. Furthermore, the relative simplicity of the siRNA approach lends itself to easy combination with other siRNAs directed to different regions of CCR5 and͞or other cellular or HIV-1-specific genes, which can result in additive or synergistic effects, and will help to prevent the escape of mutant variants. It seems possible that further modifications in vector design and choice of siRNAs simultaneously targeting multiple essential components for viral replication could provide an effective treatment against HIV-1.
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